The effect of very-low-frequency magnetic fields (VLFMF) on living biological cells was investigated using a highly sensitive mutagenesis assay method. A bacterial gene expression system for mutation repair (umu system) was used for the sensitive evaluation of damage in DNA molecules. Salmonella typhimurium TA1535/pSK1002 were exposed to VLFMF (20 kHz, 600 T, and 60 kHz, 100 T) in a specially designed magnetic field exposure chamber. The experimental results showed the possibility of applying the umu assay for sensitive and effective evaluation of damage in DNA molecules. No significant difference was observed in the umu gene expression intensity under exposure to magnetic field of 20 kHz, 600 T, and 60 kHz, 100 T.
Evaluation of Damage in DNA Molecules Resulting From Very-Low-Frequency Magnetic Fields by Using
Bacterial Mutation Repairing Genetic System I. INTRODUCTION E LECTRIC rice cookers, microwave ovens, and induction cooking appliances are widely used in the home. In addition, electric kitchens are being introduced not only into individual houses but also restaurants, school lunch centers, hospitals, and nursing facilities, with induction cooking appliances becoming widely used. Meanwhile, the excitation frequency of induction cooking appliances is being increased from the conventional 20 kHz to about 100 kHz to enhance performance. However, a part of the magnetic field generated by the exciting coils is transmitted to the cooking pan and leaks around outside. As induction cooking appliances become used more widely, the risk to the general public of exposure to very-low-frequency magnetic fields (VLFMF) may have increased [1] . The effect of VLFMF on human health has not yet been completely clarified, but the public is concerned about possible effects [2] .
It is well known that mutation in DNA molecules is a direct cause of cancer development, and there is a close relationship between the oncogenesis of biological cells and molecular damage to DNA. When the DNA of a bacterium is damaged, SOS repairing genetic systems such as a bacterial umu operon and a recA gene system, which try to repair the damage rapidly, are expressed. In this study, we exposed the bacterium Salmonella typhimurium TA1535/pSK1002 to VLFMF, and examined the expression intensity of the activity of -galactosidase, which is located downstream of the umu SOS gene operon, using the umu assay method with a nonexposure control [4] . This paper describes the results of the umu analysis evaluation of damage to DNA molecules caused by VLFMF exposure with different frequencies. According to the study of Miyakoshi with exposure of MeWo cells derived from human melanoma to a 50 Hz and 400 mT magnetic field proved that the frequency of inducing mutations for HPRT genes increased in proportion to the density of the induction current in an ac magnetic field [3] . The induction current is proportional to f B. In our experiment, we paid attention to the induction current and set the density at 20 kHz magnetic field of 600 T and 60 kHz magnetic field of 100 T so that an induction current similar to that derived under the above conditions (50 Hz and 400 mT) can be obtained. the bacterial culture were set in the incubator. The number of bacteria is about 0.15 billion/microtube. To maintain the activity of the bacterial cells, the temperature of the microtube was kept constant at 37 C. The earth's magnetic field was cancelled by a set of Helmholtz coils. Another set of Helmholtz coils was used for generating the VLFMF. The magnetic field to which the whole bacterial culture liquid in the microtubes was exposed, was 98% uniform. The temperature distribution was uniformly controlled within C in whole bacterial culture liquid in the microtubes.
II. VLFMF EXPOSURE EQUIPMENT

III. MEASUREMENTS OF ACTIVITIES OF -GALACTOSIDASE
S. typhimurium TA1535/pSK1002 is a bacterium that has umuC, D and lacZ, Y genes. If DNA-destroying substances are present, S. typhimurium TA1535/pSK1002 produces -galactosidase by the gene expression of lacZ, Y. The principle of this process is shown in Fig. 2 . First, when mutagenic substances damage the DNA in S. typhimurium TA1535/psk1002, RecA protein binds to the injured single strand DNA. Then the bound RecA protein decomposes LexA protein, which is a repressor for the umu operon. After the repressor detaches from the umu operator region, the umuC, D genes (ultra mutant genes) begin to repair the damaged DNA. Finally, the lacZ, Y genes which are placed downstream of umuC, D are also expressed to produce -galactosidase. Therefore, the degree of damage to the DNA can be evaluated quantitatively, by detecting the activities of -galactosidase. This is called the umu assay method and was used in this study.
The measurement protocol was developed to detect damage in DNA using a mutagenic reagent and VLFMF. The OD and OD are optical densities of optical absorbance measured at the wavelengths of 420 and 550 nm, respectively:
The degree of activity of -galactosidase (1) where " " is reaction time (in minutes) and " " is dilution rate.
To confirm the effectiveness of the test protocol developed in this study for DNA damage, furylfuramide (AF2), which is known as a strong mutagen which induces damage in DNA molecules, was used as a positive control. It was clearly recognized that the value of the activity of -galactosidase increased as AF-2 concentration rose, as shown in Fig. 3 . Therefore, the umu assay method is effective for examining the influence of environmental factors on DNA molecules. Tables I and II show the results of the -galactosidase activity of the bacterial culture liquid exposed to VLFMF at the temperature of 37 C for 2 h and of the control bacterial culture liquid without VLFMF exposure. A Thompson rejection test was performed for each of the eight obtained data. We judged whether the eight sample data could be used and if the data at the time of exceeding a significant level was rejected. The rejected data were shown as "RD" in Tables I and II . The data adopted by Thompson rejection test were equalized, and they authorized whether a significant difference would be between magnetic field exposure and control using t-test at 5% (rate of rejection) of significant levels. Although a significant difference was found in one time measurement (II in Table I ), in view of the present results, no significant differences from exposure 20 kHz magnetic field of 600 T and 60 kHz magnetic field of 100 T in terms of damage in DNA molecules were observed. Because the range of "Average" "Standard deviation" of data of the control and the exposure to VLFMF on DNA damage using the umu method overlap each other.
IV. MEASUREMENTS OF POSSIBLE INDUCTION DNA DAMAGE FROM EXPOSURE TO VLFMF
Umu-assay using bacteria is an established mutagen test to evaluate the mutagenic capacity of bacteria against genes, and is an official testing method widely used worldwide as a method for testing water supplies and sewage, and for evaluating the safety of drainage. This method has the important advantage of enabling a quantitative evaluation in comparison with other risks by detecting the biological effects and evaluating the safety of VLFMF. The umu assay method was applied to evaluate the direct impact of exposure to a VLFMF on DNA damage for the first time in this study. The experimental results showed that the umu assay method could be effectively applied to the evaluation of damage in DNA molecules caused by exposure to a VLFMF. But, it is not possible from present knowledge to make a definitive statement about the safety or hazard associated with exposure to VLFMF.
It is necessary to clarify the threshold value of the significance by exposing a stronger and higher frequency magnetic field. Also, it is necessary to develop the new gene expression system by improving the bacteria having the lucA, B genes which are placed downstream of umuC, D, and are expressed to emit the luminescence. The damage in DNA molecules can be evaluated by measuring the strength of luminescence.
V. CONCLUSION
In this study, the umu assay method, which has been used to detect DNA damage, was used to evaluate the direct impact of exposure to VLFMF on DNA destruction. The results did not reveal any damage to DNA molecules caused by exposure to magnetic field of 20 kHz, 600 T, and 60 kHz, 100 T. 
